The term "personalized medicine" was coined at the turn of the century, but most medicines are currently prescribed based on disease categories and occasionally racial demographics, but not personalized attributes. In cardiovascular medicine, the personalization of medication is minimal; however, it is accepted that not all patients respond equally to common cardiovascular medications. Here we chose one prominent cardiovascular drug target, the angiotensin receptor, and, using computer modeling, created preliminary models of over 100 known alterations to the angiotensin receptor to determine if the alterations changed the ability of clinically used drugs to interact with the angiotensin receptor. The strength of interaction was compared to the unaltered angiotensin receptor, generating a map predicting which alteration affected each drug. It is expected that in the future, a patient's receptors can be sequenced, and maps, such as the one presented here, can be used to select the optimum medication based on the patient's genetics. Such a process would allow for the personalization of current medication therapy.
Abstract
Angiotensin II type 1 receptor (AT 1 R) blockers (ARBs) are among the most prescribed drugs.
However, ARB effectiveness varies widely, and some patients do not respond to ARB therapy.
One reason for the variability between patients is non-synonymous single nucleotide polymorphisms (nsSNPs) within agtr1, the AT 1 R gene. There are over 100 nsSNPs in the AT 1 R; therefore, this study embarked on determining which nsSNPs may abrogate the binding of selective ARBs. The crystal structure of olmesartan-bound human AT 1 R (PDB:4ZUD) served as a template to create an inactive empty AT 1 R via molecular dynamics simulation (n = 3). All simulations resulted in a smaller ligand-binding pocket than 4ZUD due to the absence of olmesartan in the simulation yet remained inactive with little movement in the receptor core. A single frame representing the average stable AT 1 R was used as a template to thrice (n = 3) dock each ARB via AutoDock to obtain a predicted affinity from the weighted average of 100 docking simulations. The results were far from known values; thus, an optimization protocol was initiated, resulting in the predicted binding affinities within experimentally determined ranges (n = 6). The empty model AT 1 R was altered and minimized in Molecular Operating Environment software to represent 103 of the known human AT 1 R polymorphisms. Each of the eight ARBs was then docked, using the optimized parameters, to each polymorphic AT 1 R (n = 6). Although each nsSNP has little effect on global AT 1 R structure, most nsSNPs drastically alter a sub-set of ARBs affinity to the AT 1 R. Comparisons to previous binding studies suggest that the results have a 60% chance of predicting ARB resistance. Although more biochemical studies and refinement of the model are required to increase the accuracy of the prediction of ARB resistance, personalized ARB therapy based on agtr1 sequence could increase overall ARB effectiveness.
Introduction
The Angiotensin (Ang) II type 1 receptor (AT 1 R) is often studied due to its role in cardiovascular disease, diabetes, and, more recently, cancer. (1, 2) Eight clinically viable antagonists (ARBs) target the AT 1 R, and ARBs are widely used for the treatment of hypertension, heart failure, and chronic kidney disease. Additionally, due to the prominent role the AT 1 R plays in cardiovascular disease, the AT 1 R is also the focus of many genetic association studies. (3, 4) However, very few studies have been directed toward pharmacogenomics of the AT 1 R.
Not all patients respond equally, or at all, to ARBs.(5) One potential reason a patient does not respond, or respond optimally, to an ARB is that there could be a, or many, nonsynonymous single nucleotide polymorphism(s) (nsSNP) within the agtr1 coding sequence. nsSNPs can result in altered antagonist function; (6) thus, as we enter an era dominated by big data and likely personalized medicine, it would be ideal for a prescriber to know which therapies will interact with their target as expected in each patient. Such patient-specific knowledge can come from genetic screening coupled to robust databases linking drugs to effects. Alternatively, if there is no previous data, then there should be a mechanism allowing rapid assessment of which drugs are appropriate for a given patient.
The AT 1 R was cloned in the early 1990s and recently was crystallized with an ARB bound. (7, 8) Before crystallization, the ARB binding pocket was investigated primarily through mutagenesis studies. (9) (10) (11) (12) These studies identified residues involved in ARB binding that are within the known binding pocket but also identified residues involved in ARB binding that are far from the known binding pocket.(9, 10) Such data demonstrate that single amino acid changes in the AT 1 R far from the binding pocket can alter the receptor conformation and disrupt ARB binding. Moreover, in many cases, the mutant AT 1 Rs still bound to, and transduced signals from, Ang II demonstrating the ability of an nsSNP to maintain the physiological functions of the AT 1 R yet display ARB resistance. Multiple genomic projects identified polymorphisms within the AT 1 R. (13) Herein, an empty AT 1 R was generated through molecular dynamic (MD) simulation, 103 nsSNPs from the 1000 genomes project were briefly modeled, and each of the eight clinically viable ARBs was docked to each AT 1 R in order to predict which nsSNPs would lead to ARB resistance. To our knowledge, this is the first large scale investigation into known human nsSNPs within the AT 1 R.
Results

Wild-type AT 1 R Model
Crystalized G protein-coupled receptors (GPCRs) often contain a tightly bound ligand that stabilizes a unique ligand-induced conformation. In order to obtain a model of the empty AT 1 R, the AT 1 R crystal structure (PDB: 4ZUD) was modified to remove non-receptor residues and the unresolved flexible loops were added back to the receptor, then a short 150 ns MD simulation was conducted within a POPC:cholesterol (87:13 ratio) membrane to relax the structure to a ligand-free state (n = 3). Each simulation reached a stable structure around 100 ns (Supplemental Figure 1A) , and the last 20 ns of the simulations were stable. A single frame representing the average stable root-mean-square deviation (RMSD) from the last 20 ns of replica 1 was chosen as the representative model of the empty AT 1 R; the PDB file format is available in the supplemental files. A notable feature of the selected empty AT 1 R model is that helix 8 appeared to be an extension of helix 7 ( Figure 1A) . Therefore, the orientation of helix 8, in comparison to the model AT 1 R, was examined to determine its flexibility and spatial orientation (Supplemental Figure 1B) . Throughout the simulations, the position of helix 8 varied by 12 angstroms from the empty AT 1 R model, which is similar to previous MD simulations. (14) To further address the overall movement of the simulations, distance measurements corresponding to double electron-electron resonance (DEER) spectroscopy of the AT 1 R (14) were measured over the last 20 ns of simulation ( Figure 1B ). Red Xs represent the major modes of the DEER data in Figure 1B ; 50% of the major modes from the DEER experiments are within distances observed in the modeled empty AT 1 R. Moreover, most of the measurements from the model lie within the range identified in the DEER spectroscopy data set but capture a different state than the MD modeling presented with the DEER spectroscopy. Only RMSF was plotted as the β-factor and colored based on the degree of movement ( Figure 1A) .
The flexible loops, as well as helix 8, showed the most fluctuation; however, the cytosolic and extracellular helical interfaces also showed, on average, greater than 2 Å of movement.
Expectedly, removal of olmesartan resulted in movement in the ligand-binding pocket (upper third of the AT 1 R); however, the remaining cores of the receptor displayed little movement. The data suggests that the empty AT 1 R model is a viable and unique model of the apo-AT 1 R. In theory, it is possible that an active empty receptor conformation could be obtained by removal of the inverse agonist olmesartan followed by MD simulation, especially since the AT 1 R is known to display basal activity. In order to confirm that the empty AT 1 R model is in an inactive conformation, consensus GPCR changes(15) between inactive and active structures were measured over the last 20 ns of each simulation ( Table 1) . No significant conformational change from the crystalized AT 1 Rs was observed. However, the consensus distance metrics measured from the AT 1 R simulations and the crystalized AT 1 Rs are 1.7 to 2.2 Å larger than other crystalized inactive GPCRs. Despite the difference in the distances, structural alignment of the DRY, PIF, and NPxxY motifs between the empty AT 1 R model and inactive A 2A R crystal structure (PDB:3EML) demonstrate that the empty AT 1 R model is inactive ( Figure 2 ). The NPxxY motif is not as clearly aligned as the DRY and PIF, but this is primarily due to the unique position of helix 8 in the empty AT 1 R model. For further comparison, the empty AT 1 R model was aligned to the active mu-opioid receptor (PDB:5C1M), demonstrating the drastic shifts in the DRY, PIF, and NPxxY required to assume the active state (Supplemental Figure 2) . Therefore, the empty AT 1 R model is a model of the inactive human AT 1 R.
Since removing olmesartan resulted in a change in the binding pocket, the integrity of the binding pocket of the empty AT 1 R model was examined to ensure that the critical residues involved in binding are still oriented in a manner facilitating binding. (8) As shown in Figure 3a , the residues interacting with all ARBs (shown as sticks) still orientate toward the central pocket.
Residues involved in some, but not all, ARB binding (shown as lines) also line the pocket. As expected due to induced fit, the binding pocket of the empty AT 1 R model is smaller than the source model 4ZUD ( Figure 3B ), indicating that the movement observed ( Figure 1b ) is the expected relaxation of the binding pocket. Fortunately, the residues involved in ARB binding remain oriented towards the binding pocket allowing for docking experiments to the empty AT 1 R model.
Docking ARBs to the AT 1 R Model
Initially, docking was conducted using standard AutoDock parameters; the search space was based on an alignment of the empty AT 1 R model with 4ZUD containing olmesartan. As shown in the blue points within Figure 4a , the weighted average affinity of three separate runs of AutoDock did not consistently generate affinities similar to known values. The AutoDock predicted affinity for four ARBs (eprosartan, irbesartan, olmesartan, and telmisartan) was below the lowest reported experimentally derived affinity, and three ARBs (azilsartan, candesartan, and EXP3174, the active metabolite of losartan) were outside of 50% of all reported affinities.
Only the predicted affinity for valsartan matched experimental data.
As the predicted AutoDock affinities varied from experimental data, pilot projects were established with olmesartan to determine the AutoDock settings that could be altered to improve the predicted affinity. First, the grid spacing of the search space was systematically decreased from the default of 0.375 Å to 0.15, resulting in a non-linear relationship between grid spacing and predicted binding affinity. Second, the Z-center was altered by 0.5 Å steps in both directions resulting in a non-linear relationship between Z-center and affinity. Therefore, a seven-by-seven matrix of affinities obtained at different grid spacing and Z-axis were created for each ARB and analyzed via multiple three-dimensional fitting parameters as described in the methods. Figure   4b displays the cubic interpolation of the olmesartan seven-by-seven matrix. Each threedimensional fit was then interrogated to identify the grid spacing and Z-axis values that generated a predicted affinity closest to the experimentally derived median affinity for each ARB. Fortunately, each three-dimensional fit produced only one set of values predicted to generate the known median affinity. The predicted values were then tested in AutoDock (n = 6), and the results that most closely mirrored the known affinities were used as the coordinates for all future docking. Supplemental Figure 3 displays the plots that generated the coordinates for each ARB.
The optimized docking parameters (Figure 4a , green points) were compared to the original docking parameters (Figure 4a , blue points). The optimized parameters more reliably predict known ARB affinity. The mean of all the optimized parameters fell within the reported range of the affinity for the respective ARB. Moreover, the mean values of the optimized docking were only separated from the median experimentally derived affinity by 2.01 ± 2.08 nM compared to 504 ± 1116 nM when using the standard settings. The highest deviation from the known median ARB affinity was eprosartan in both data sets (12.34 ± 2.12 nM in the optimized set versus 3,254 ± 711 nM in the standard set), providing an example of how the optimization protocol improved the data.
Docking ARBs to polymorphic AT 1 Rs
After optimizing the parameters to produce affinities inline with experimentally derived affinities, the agtr1 nsSNPs from the 1000 genome database were mapped to the empty AT 1 R model ( Figure 5 ). The polymorphisms were introduced into the empty AT 1 R model while in a POPC/cholesterol membrane and immediately minimized within Molecular Operating Environment (MOE) software. Each empty polymorphic AT 1 R was aligned to the wild-type empty AT 1 R, and the energy minimized coordinates were utilized to conduct docking as described previously. The data summarized in Figure 6 represent affinities reduced by 2-fold or more and statistically different from the affinity for the given ARB to the wild-type empty AT 1 R.
No affinities statistically increased by 2-fold or more than the control. The data predicts that many polymorphisms alter ARB affinity, but few polymorphisms adversely affect the affinity of all ARBs.
Multiple mutagenesis studies of the AT 1 R coupled to radioligand displacement assays have been conducted since the AT 1 R was cloned; however, only a few studies utilized mutations that correspond to known nsSNPs of the AT 1 R. (9, 10, 16) Mutagenesis studies that match known polymorphisms can be compared to the predicted affinity from AutoDock to indicate the predictive power of the models (Table 3 ). Arsenault et al. specifically examined the Kd of ARBs to A163T hAT 1 R and found particular resistance to losartan, EXP3174, and irbesartan, as well as a higher affinity for telmisartan. (16) The docking data presented in Figure   6 and Table 3 correspond to lower affinities for EXP3174 and irbesartan as well as suggest that telmisartan binds more readily. However, the wild-type hAT 1 R:A163T hAT 1 R ratio of predicted affinities for candesartan and valsartan overestimate the change in affinity by 23 ± 18 fold and 3.0 ± 1.3 fold, respectively. Although there is little experimental data for direct comparison, the docking correctly predicted the direction of the change in affinity 60% of the time and was within two times the calculated error 60% of the time. Therefore, using MOE minimization followed by ARB docking via AutoDock resulted in a likely predictive rate of approximately 60% to identify a patient as resistant to a specific ARB.
Discussion
The empty AT 1 R model is the third ligand-free molecular dynamics derived model created after the AT 1 R was crystallized. (14, 17) In the crystalized AT 1 Rs (4ZUD and 4YAY) Arg167 points toward the ligand-binding pocket; (7, 8) however, unpublished homology modeling followed by MD simulation of the AT 1 R from our group and similarly published studies orientate Arg167 away from the binding pocket. (18, 19) Arg167 is essential for Ang II binding based on mutagenesis and modeling studies (7, 11, 17, 20) and predicted to be essential for ARB binding based on the crystal structures and subsequent docking. (8) Furthermore, this study also predicts that Arg167 is involved in the binding of most ARBs ( Figure 6 ). Therefore, homologybased AT 1 R models that have Arg167 oriented away from the binding pocket are not accurate, and ligand binding to homology models with Arg167 in the wrong orientation are subsequently inaccurate. Based on the orientation of crucial ARB binding residues within the model empty AT 1 R ( Figure 3A) , the ligand-binding pocket of the empty AT 1 R model is likely an accurate model of the ligand-free AT 1 R.
Although the empty AT 1 R model is in the inactive state (Table 1 and Figure 2 ), the flexibility of helix 8 was surprising. Helix 8 is not present in 4ZUD, (7) but is in 4YAY (8) Given that the ligand-binding site of the empty AT 1 R model appears appropriate, large scale docking began to assess many of the known agtr1 nsSNPs ( Figure 5 ). However, before testing all the nsSNPs, the docking had to be optimized to produce orientations of the ARB that resembled the crystal structure, specifically for olmesartan, (7) and affinities matching known affinity for each ARB.(24) AutoDock was chosen specifically for the ability to obtain an estimated affinity, and as shown in Figure 4 , the original parameters did not produce affinities within the known range for olmesartan although the orientation was accurate (not shown). Therefore, the parameters were optimized through non-linear topographical methods resulting in an improved affinity prediction for all ARBs. There is a danger in the method described, as the highest affinity predicted was often greater than known median affinity and occasionally outside the reported range of affinities for a specific ARB. Therefore, this method should only be used to tune AutoDock settings to obtain known affinities.
Role of molecular modeling in personalized medicine
Achievable personalized medicine can occur through matching the pharmacopeia to a person's genome. For example, polymorphisms within metabolic enzymes are accepted measures to adjust the dosing of a drug or inform clinicians to use an alternative medication to avoid a potential drug-gene interaction. The next steps to bring personalized medicine to the clinic include understanding how polymorphisms alter individual drug effects. Polymorphisms can alter the affinity of a drug as well as alter signal transduction, as exemplified by the example of V302I µ-opioid receptors that results in the ablation of naloxone function.(6) Herein, the data suggest that polymorphisms in the AT 1 R may be responsible for apparent ARB resistance.
Moreover, the data suggests that often there is an ideal ARB for a particular polymorphism; thus, matching a patient's genotype to an existing drug fulfills the promise of personalized medicine.
Using computational modeling provides a relatively inexpensive and rapid drug screening process. As technology progresses, the speed of the computations increases;
whereas, fundamental pharmacological and biochemical determination of ligand affinity has changed little, and radio-labeled ligands are not always available. Importantly, the nsSNPs of the AT 1 R examined are only the tip of the proverbial iceberg. There is little data regarding the combination of nsSNPs, and with 103 polymorphisms, the combinatorial potential is staggering. thus, nearly every minute there is a new polymorphism created in one of the 108 GPCRs that are clinical targets. Therefore, the number of seemingly benign nsSNPs in the AT 1 R that may attenuate ARB affinity will likely increase in the future. A computational approach to ARB affinity is a reasonable and comparatively rapid method to tailor ARB therapy to a patient. Ideally, a patient's agrt1 would be sequenced and compared to a database to select the best ARB. Any novel nsSNPs, or nsSNP combinations, would then be modeled to predict which ARB is most appropriate and after verification added to the database.
Limitations of the Current Study
Although the affinity estimates for each ARB blinding to the empty AT 1 R model are within known ranges and comparison of relative affinities obtained through molecular modeling is standard practice, there are caveats in the experimental design that prevents taking the data directly to the clinic. The caveats include a lack of AT 1 R flexibility in the docking algorithm; lack of data on Ang II affinity to compare to ARB affinity, as ARB efficacy is dependent on the ratio of the ARB to Ang II affinity; and lack of a biological understanding of each polymorphism.
AutoDock allows for limited flexible residues, but do not account for the flexibility of the entire receptor, (25) and Ang II has too many rotatable bonds to dock reliably in AutoDock. MD simulation allows for all-atom flexibility and estimation of ARB and Ang II affinity, but the computational time required to examine each ligand and polymorphism is beyond the scope of a 
Methods
AT 1 R Model preparation
The crystal structure of human AT 1 R bound to olmesartan (PDB: 4ZUD) was downloaded from the RCSB Protein Data Bank. (7) 4ZUD contains apocytochrome b 562 RIL fused to the amino terminus, and many of the flexible regions, as well as helix 8, of the AT 1 R are not resolved. In order to generate an appropriate starting structure, olmesartan and the apocytochrome b 562 RIL fusion were removed from 4ZUD, and the missing regions were added to the protein with MOE software (Chemical Computing Group ULC, Montreal, Canada).
Specifically, the N-Terminus (residues 1 to 25), intracellular loop 2 (residues 134 to 140), extracellular loop 2 (residues 186 to 188), intracellular loop 3 (residues 223 to 234), and helix 8 (residues 305 to 316) were added to the AT 1 R in accordance to the human AT 1 R sequence and PDB:4YAY. The remaining carboxyl-tail of the AT 1 R (residues 317 to 359) was not modeled.
The AT 1 R model then underwent an energy minimization within MOE using the Amber10:Extended Huckel Theory (EHT) force field.(26)
Molecular dynamic (MD) simulations
The MOE minimized AT 1 R was loaded into CHARMM-GUI. (27) An 80 Å by 80 Å lipid bilayer composed of 13% cholesterol (28) and 87% Phosphatidylcholine (POPC) was generated around the receptor. Water was packed 17.5 Å above and below the lipid bi-layer, and 150 mM Na + and Clions were added to the system via Monte-Carlo ion placing. The all-atom CHARMM C36 force field (29) for proteins and ions, and the CHARMM TIP3P force field(30) for water were selected. A hard non-bonded cutoff of 8.0 angstroms was utilized. All molecular dynamics simulations were performed using the PMEMD module of the AMBER16 package(31) with support for MPI multi-process control and GPU acceleration code. Orthorhombic periodic boundary conditions with a constant pressure of 1 atm was set via the NPT ensemble and temperature was set to 310.15°K (37°C) using Langevin dynamics. The SHAKE algorithm was used to constrain bonds containing hydrogens. The dynamics were propagated using Langevin dynamics with Langevin damping coefficient of 1 ps -1 and a time step of 2 fs. Before the production run, the AT 1 R model was minimized for 5000 steps using the steepest descent method and then equilibrated for 600 ps. The protein coordinates were saved in 10 ps intervals.
The production run lasted 150 ns, at which point all three replicas were stable for at least 20 ns.
The frame representing the value closest to the average RMSD of the stable 20 ns from replica 1 was selected as the structure representing the empty conformation of the AT 1 R and herein is called the empty AT 1 R model.
Since the AT 1 R has been extensively studied and is known to display basal activity in the absence of agonist,(32) the empty AT 1 
Docking of ARBs to the empty AT 1 R
The empty AT 1 R and all eight clinically viable ARBs, as mol2 files, were loaded individually into AutoDock Tools 1.5.6 and docking was conducted as described by S. Forli et al. (25) The metabolite of losartan, EXP3174, is a potent inhibitor of the AT 1 R;(34) therefore, EXP3174 was utilized instead of losartan. In brief, Gasteiger charges were computed, and all atoms were assigned an AD4 type. Ligand torsions were calculated, and all non-polar hydrogens on the protein were merged before assigning atom types. When preparing for docking, the ligand-binding pocket was selected to encompass the olmesartan binding pocket from 4ZUD. Each ligand was docked to the empty AT 1 R model 100 times in a single AutoDock 4.0 run, and each run was replicated three times. A Boltzmann weighted average affinity was calculated for each run and converted from docking estimated binding free energy ( ) in kcal/mol to a predicted dissociation constant ( ) via Equation 1, shown below. Note ( ) is the index for any given affinity from AutoDock, and RT is the molar gas constant and temperature in kelvin, respectively.
Although the optimal binding site matched previous data,(8) the predicted K d did not match known binding affinities. Therefore, we optimized the docking parameters by performing different types of least squares curve fitting of a seven-by-seven matrix of Boltzmann weighted average binding affinities for each ARB. The variables altered were the grid box spacing (Å) (0.150, 0.225, 0.250, 0.275, 0.300, 0.325, 0.350, 0.375) and the center position of the grid box on the Z-axis, altered by 0.5 Å in the positive and negative direction by three steps from 35.5 (34.0, 34.5, 35.0, 35.5, 36 .0, 36.5, 37.0). Each point in the matrix was created by a single 100 dockings run of AutoDock 4.0, and the 100 affinities were converted to a predicted K d as described above. The data were then fit by a nearest, linear, cubic, and bivariate spline 3Dfitting using python (see supplemental methods for the python script). The variables resulting in the greatest predicted K d , as well as the known median ARB affinity, (24) were extracted from the curve fitting and tested in Autodock 4.0 three times to confirm the predicted values. For telmisartan, the seven-by-seven matrix identified ideal parameters; thus, those parameters were utilized. The grid box spacing and Z-axis that produced a predicted K d closest to the experimentally derived median affinity for each ARB was run six times in Autodock; only data from the most accurate method is reported. See Table 3 for the parameters that produced a predicted K d similar to the known median affinity for each ARB.
Generating nsSNPs AT 1 R and docking ARBs
Data from the 1000s genome project was mined to extract all non-synonymous single point mutations (nsSNPs). (13) The empty AT 1 R within the lipid bilayer was loaded into MOE, and each of the 103 chosen nsSNPs was generated individually using the protein builder function in MOE software. After changing the residue, an energy minimization utilizing Amber10 EHT force field was conducted via MOE to generate an appropriate conformation of the AT 1 R carrying the polymorphism. The atom coordinates of empty polymorphic AT 1 R was saved as a PDB and aligned to the wild-type empty AT 1 R so that all docking coordinates would be similar.
Each empty polymorphic AT 1 R was loaded into AutoDockTools as described previously, and the ARB specific optimized parameters were utilized to determine the affinity of each ARB to each polymorphic AT 1 R. Each ligand was docked to the receptor 100 times in a single AutoDock 4.0 run, and each run was replicated six times.
Statistical Analysis
The fold change in binding affinity between wild-type AT 1 R and each polymorphic AT 1 R was analyzed within NCSS 2007 statistical software (Kaysville, UT) using a one-way ANOVA followed by Kruskal-Wallis Multiple-Comparison Z-Value Test. Data are shown if the fold change is 2-fold or higher and statistically different than control. No ARBs displayed a reduction by 2fold or higher and were statistically different from control. * The median affinity is derived from the data presented in Figure 4A 
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